The aim of this study was to compare physical, morphological and mechanical characteristics of eggs collected from two duck breeds (Pekin duck and Cherry Valley duck). A total sample of 120 eggs (60 eggs of each duck breed) was collected from one-year-old free range raised ducks. The Cherry Valley duck eggs were significantly heavier (94.23 vs. 71.91 g) than Pekin ducks (P<0.01), had larger dimensions and higher shape index (73.80 vs. 70.16). There was no statistical difference between egg specific gravity. According to egg components proportion, the Cherry Valley duck eggs had higher percentage of albumen, while the Peking duck eggs had higher percentages of yolk and shell. The Pekin duck eggs had significantly higher yolk to albumen ratio and Haugh unit value (P<0.01). The average force required to rupture Cherry Valley duck eggs in all three axes (50.32 N) was significantly higher (P<0.01) than average force required to rupture Pekin duck eggs (42.64 N). The highest egg rupture force at both duck breeds tested in this study was determined in loading along the X-front axis, while the least resistance to rupture force was determined along the Z-axis.
INTRODUCTION
After chicken, ducks are considered the most important and common component of the poultry industry around the world. Duck production has received immense attention due to its higher profitability compared to other poultry species, mainly due to higher feed conversion ratios (El-Soukkary et al., 2005) . Ducks are also considered one of the most versatile poultry species due to their ability to reared under a wide range of climatic and nutritional conditions and they are shown to be resistant to common poultry diseases and feed on a variety of food (Al-Obaidi and Al-Shadeedi, 2016) . Ducks can utilize cheap raw material and produce significant amount of palatable meat and large number of eggs in a short period (Basha et al., 2016) . The demand for duck meat, duck eggs and associated products is increasing each year (Fouad et al., 2018) . As for other poultry species, duck production has increased during the last 100 years, but mainly since the 1950s, when breeders began selection programs accompanied by improvements in nutrition, reproduction and management and duck production in 2010 was sixfold that of 1961 (Huang et al., 2012) . Ducks are breeding in Croatia for more than fifty years mainly on family farms extensively (Kralik et al., 2014) . Today there are only a few large farms with more than thousand ducks in Croatia, but an increasing number of family farms starting with duck raising in the backyard under free range conditions where the number varies from a few dozens to a few hundred ducks. Although intensive duck breeding in closed buildings is being applied in a number of European countries, since little care and supplementary feeds are used in backyard duck raising, this system is still popular in some countries (Huang and Lin, 2011) . In recent years the interest for duck breeding in Croatia has increased thanks to the growing interest on consuming alternative kind of meat as well as duck meat, especially in the northern part of Croatia where duck meat is often offered as a local special dish.
The duck eggs have become increasingly more important in the world because of its nutrition and less capital input is required to produce it (Huang and Lin, 2011) . In several countries of the Far East duck eggs are produced and consumed in large quantities by the local population thus substituting hen eggs, but duck eggs are usually not consumed in the countries in America and Europe due to the potential Salmonella risk (Pikul, 1998) .
In Croatia, similar to Poland, duck eggs are mainly used for reproduction which results from their high retail prices, as well as a common opinion that they carry greater microbiological contamination than hen eggs, inclusive of Salmonella type bacteria (Kokoszynski et al., 2007) .
Eggs provide nutrition and protection to the developing chicks, therefore the egg quality is of immense importance for the hatchlings (Ashraf et al., 2016) . The physical characteristics of the egg play an important role in the processes of embryo development and successful hatching (Narushin and Romanov, 2002) .
The determination of properties, such as dimension, mass, volume, density, proportions of components and eggshell structure of avian eggs provides to constitute the general patterns of avian developmental and energetic, thus providing useful insight into the relationship between different developmental strategies and their evolutionary significance (Vleck and Vleck, 1987) . The egg morphological characteristics such as weight and percentage of main components and the correlations among them are also very important because these factors influence egg quality, reproductive fitness of the chickens and embryonic development (Onagbesan et al., 2007; Popoola et al., 2015) . The mechanical characteristics of eggs represent their strength under various loads in terms of several parameters such as rupture force, deformation, firmness and toughness (Abdallah et al., 1993; De Ketelaere et al., 2002; Polat et al., 2007) . Eggshell must be strong enough to prevent cracking in order to preserve the embryo until hatching (Altuntas and Sekeroglu, 2008) . (Jung and Zhou, 1980) . It was introduced to the USA in about 1873 (Scott and Dean, 1991) and to Europe a few years later, and has since become the predominant table breed in many parts of the world (Cherry and Morris, 2008) . Data obtained from eggs of several forms of Anas platyrhynchos, such as those of Pekin duck, can be used for comparisons with a regard to many aspects, such as developmental physiology, evolution and domestication effects (Balkan and Biricik, 2008 Valley duck is a commercial crosses of Pekin ducks and it is one of a major duck crosses that has been used for commercial duck meat production (Chaosap and Sivapirunthep, 2018) . Due to its good characteristics, this breed has been distributed all over the world, including Croatia.
MATERIALS AND METHODS

Eggs collection
Duck eggs used in this study were collected from two family farms located within a circle of 60 km of the 
Eggs physical characteristics
Length (L) and width (W) of collected eggs were measured using an electronic digital calliper with accuracy of 0.01 mm. To evaluate the egg weight, eggs were separately weighed on a precision electronic balance reading to 0.01 g. The geometric mean diameter (D g ), surface area (S), volume (V), specific gravity and shape index (SI) were calculated using the following formulas (Mohsenin, 1970; Foster and Weatherup, 1979; Altuntas and Sekeroglu, 2008) :
where:
L − length in mm; W − width in mm; D g − geometric mean diameter in mm; S − surface area in mm 2 ; V − volume in mm 3 ; SI − shape index in %; SG − specific gravity in g cm -3 ; EW − egg weight in g.
The shell thickness was randomly measured from the three different parts of shell in each egg (sharp end, blunt end and equator) using an electronic digital micrometer with accuracy of 0.001 mm and was averaged. The shell density (SD) was calculated using the following formula (Curtis et al., 1985) :
SD − shell density in g/cm; SW − shell weight in g; S − surface area in mm 2 ; ST − shell thickness in cm.
Eggs morphological characteristics
After measuring the rupture forces, eggs were broken on a flat glass surface to determine the internal egg quality characteristics. The yolk and albumen height were measured using a tripod micrometer with accuracy of 0.001 mm, while yolk diameter and albumen length and width were measured using an electronic digital calliper with accuracy of 0.01 mm. After measuring the yolk and albumen dimensions, the yolks were separated from the albumen. The chalazae were carefully removed from the yolk, using forceps, and prior to weighing the yolk. Before weighing, all yolks were also rolled on a paper towel to remove adhering albumen. The shells were carefully washed and dried for 48 h in a drying oven at 21 C and then weighed. Albumen weight was determined by subtracting yolk weight and shell weight from the original egg weight. Using the individual weight of each egg and its components, albumen percentage (albumen weight/ egg weight x 100), yolk percentage (yolk weight/egg weight x 100), shell percentage (shell weight/egg weight x 100) and yolk to albumen ratio (yolk weight/albumen weight) were calculated (Dottavio et al., 2005) .
The albumen index and yolk index were calculated using the following formulas (Heiman and Carver, 1936; Sauter et al., 1951) :
AI − albumen index; AH − albumen height in mm; AL − albumen length in mm; AW − albumen width in mm; YI − yolk index; YH − yolk height in mm; YD − yolk diameter in mm.
The use of Haugh units has been accepted as a measure of the quality of the albumen in various studies on egg quality (Eisen et al., 1962) . To calculate the Haugh unit, the following formula was used (Haugh, 1937) :
HU − Haugh unit; H − albumen height in mm; W − egg weight in g.
Eggs mechanical characteristics
A commonly used technique for the measurement of the shell strength is the compression of an egg between two plates. To measure the forces required to rupture egg, a universal testing machine was used to compress the egg. The egg sample was placed on the fixed plate, loaded at the compression speed of 0.33 mm/s 1 and pressed with a moving plate connected to the load cell until the egg ruptured (Nedomova et al., 2009 ). The forces were measured by the data acquisition system, which included dynamometer HBM (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany), amplifier HBM Quantum MX 840 B and personal computer.
Two compression axes (X and Z) of an egg were used to determine the rupture force, specific deformation, absorbed energy and firmness. The X-axis was the loading axis through the length dimension in two directions, front
was the transverse axis containing the width dimension.
The series of twenty eggs was tested for each orientation.
The deformation of duck egg before rupture was measured with inductive displacement transducer HBM WA/100. The specific deformation was obtained using the following formula (Altuntas and Sekeroglu, 2008) :
Ɛ − the specific deformation in %; L f − the deformed egg length measured in the direction of the compression axis in mm; L − the undeformed egg length measured in the direction of the compression axis in mm.
Energy absorbed (E a ) by an egg at the moment of rupture was calculated using the following formula (Polat et al., 2007; Altuntas and Sekeroglu, 2008) :
E a is the absorbed energy in Nmm; F r is the rupture force in N; D r is the deformation at rupture point in mm.
Firmness (Q) is regarded as a ratio of compressive force to deformation at the rupture point of egg and was obtained using the following formula (Altuntas and Sekeroglu, 2008) :
Q is the firmness in N/mm; F r is the rupture force in N; D r is the deformation at rupture point in mm.
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Statistical analysis
Statistical data analysis was done with the SAS software (SAS Institute, 2004) . The results were expressed as mean value ± standard deviation (SD) of 60 measurements for egg physical and morphological characteristics for each duck breed and 20 measurements for egg mechanical characteristics in each of three egg compression directions and duck breed. The significance of differences between the values of observed parameters was assessed by analysis of variance (ANOVA). The Fisher's least significant difference (LSD) test was used to compare the means and differences were considered as significant at the level of probability P<0.05 and P<0.01.
RESULTS AND DISCUSSION
The physical characteristics of eggs from two duck breeds are presented in (2008) and Kralik et al. (2015) , but in average shorter and wider than (Stadelman, 1995) . This has also been shown in this study because the average weight of the Cherry Valley duck eggs was even 31.04% higher than weight of the Pekin duck eggs. Ipek and Sozcu (2017) (Lin et al., 2016) and Brown Tsaiya duck of 64.2-67.8 g (Cheng et al., 1995) .
Additionally, there were significant differences between Pekin duck and Cherry Valley duck eggs in terms of shape index (P<0.01). Egg shape index is defined as the ratio between its width and length. The importance of this parameter consists in the role of egg shape in the direction of turning during incubation and determination of embryo movements for nutrients utilization (Hristakieva et al., 2017) . According to Sarica and Erensayin (2004) , eggs can be characterised using a shape index (SI) as sharp, normal (standard) and round if they have an SI value of ˂72, between 72 and 76, and ˃76, respectively. Cherry
Valley duck egg just like most poultry egg has an oval shape (shape index value more than 72%), with one end rounded and the other more pointed. This shape results from the egg being forced through the oviduct. Muscles contract the oviduct behind the egg, pushing it forward, whereas Peking duck egg has elliptical shape (shape index value less than 72) due to high length values (Sturkie, 1986) . The shape index of Peking duck eggs observed in this study (70.16%) is lower in comparison to SI values of Peking duck eggs which are found in the literature: 72.0-73.8% (Onbasilar et al., 2007) , 72.0-74.4% (Ipek and Sozcu, 2017) , 72.4-73.6% (Okruszek et al., 2008) , 73.75% (Kralik et al., 2015) and 74.1% (Kokoszynski et al., 2007) . Similar to those values was SI of Cherry Valley duck eggs observed in this study (73.80%). Contrary to all those values, considerably lower SI of Peking duck eggs (63.47%) was reported by Kavitha et al. (2017) .
Among determined egg physical characteristics in this study, the duck breed did not significantly affect only the egg specific gravity. The average egg specific gravity of both duck breeds (1.06 and 1.07 g/cm 3 ) was close to specific gravity of Pekin duck eggs 1.08 g cm -3 reported by Okruszek et al. (2008) , but much lower than specific gravity of Pekin duck eggs 1.45 g/cm 3 reported by Al-Obaidi and Al-Shadeedi (2016).
The shell thickness of Cherry Valley duck eggs was significantly higher, but shell density of these eggs was (Onbasilar et al., 2007) , 0.386-0.413 mm (Ipek and Sozcu, 2017) , 0.387 mm (Kokoszynski et al., 2007) , 0.47 mm (Kavitha et al., 2017) , 0.474 mm (Kralik et al., 2015) , 0.509 mm (Balkan and Biricik, 2008) and 0.65-0.68 mm (Okruszek et al., 2008) . The average shell density of Pekin duck eggs observed in this study was 3.17 g/cm 3 and this is significantly higher (P ˂ 0.01) than shell density of Cherry Valley duck eggs (2.85 g/cm 3 ).
The morphological characteristics of Pekin duck and Cherry Valley duck eggs are presented in Table 2 . The weight of all egg components (albumen, yolk and shell) was significantly higher at Cherry Valley duck eggs due to significantly higher total weight of these eggs (P<0.01). Morphological structure and egg quality depends on origin, age and ducks' food as well as environmental conditions (Biesiada-Drzazga et al., 2014) . Albumen and yolk weights and their ratios provide information about internal egg quality (Baykalir and Simsek, 2018) . Albumen has a vital function during embryonic development via defending the embryo against pathogens and providing nutrients to the embryo (Walsh, 1993) . On the other hand, the yolk has vital importance for embryo development and is the only source of lipids for embryo tissue growth (Speake et al., 1998) . In accordance with the results obtained in this study on total egg weight, weights of main egg components (albumen, yolk and shell) were also significantly higher at Cherry Valley duck eggs in comparison to Pekin duck eggs.
Statistical analysis revealed that significant differences
According to Al-Obaidi and Al-Shadeedi (2016), birds are grouped according to the relative amounts of the yolk and albumen, they fall naturally into two classes. reported by Balkan and Biricik (2008) , but higher than yolk percentage of Pekin duck eggs of 32.26% reported by Al-Obaidi and Al-Shadeedi (2016) and 28.4-33.3% reported by Applegate et al. (1998) . The average shell percentage of Pekin duck eggs observed in this study (12.65%) was close to shell percentage of Pekin duck eggs of 12.39% reported by Al-Obaidi and Al-Shadeedi (2016), but higher than shell percentage of Pekin duck eggs in range 8.9-9.9% reported by Ipek and Sozcu (2017) and 8.91-9.12% reported by Okruszek et al. (2008) . The yolk to albumen ratio (Y/A) was also significantly higher (P<0.01) at Pekin duck eggs which were significantly smaller (P<0.01) in comparison to Cherry Valley duck eggs. This is in accordance with Ahn et al. (1997) and Dottavio et al. (2005) , who found that smaller eggs had higher Y/A ratios than larger eggs.
The albumen index of Pekin duck eggs observed in this study (0.11) was significantly higher (P<0.01) than AI of Cherry Valley duck eggs (0.07), and also higher than AI of Pekin duck eggs as 0.06-0.08 reported by Onbasilar et al. (2011) , 0.06-0.07 reported by Okruszek et al. (2008) and 0.07-0.09 reported by Okruszek et al. (2006) , but lower than AI of Pekin duck eggs as 0.13 reported by Kavitha et al. (2017) . The same value of yolk index was obtained in this study (0.40) for Pekin duck and Cherry
Valley duck eggs. Similar values for YI of Pekin duck eggs was reported by Okruszek et al. (2006) , Kokoszynski et al. (2007) , Okruszek et al. (2008) , Onbasilar et al. (2011) and Kavitha et al. (2017) . According to significantly higher albumen index, Haugh unit value was also significantly higher (P<0.01) at Pekin duck eggs in comparison to Cherry Valley duck eggs (84.84 vs 71.15 ). Kavitha et al. (2017) and Onbasilar et al. (2011) also reported a positive correlation between albumen index and Haugh unit value.
The average Haugh unit value observed in this study for Pekin duck eggs was higher than HU of Pekin duck eggs of 79.9 reported by Kokoszynski et al. (2007) and 63.1-74.0 reported by Onbasilar et al. (2011) , while similar to HU of Pekin duck eggs of 84.20 reported by Kavitha et al. (2017) .
Average values of mechanical characteristics of Pekin duck and Cherry Valley duck eggs are presented in Table   3 . The significantly higher rupture forces were determined for Cherry Valley duck eggs in all three directions (P˂0.01).
The average force required to rupture Cherry Valley duck eggs in all three axes was 50.32 N, which was 18.01% higher than average force required to rupture Pekin duck eggs (42.64 N).
According to Szwaczkowski (2003) , the egg shell strength can be expressed in various ways. The average egg rupture force (egg breaking strength) for Pekin duck eggs has been reported expressed in N to range 24. 81-37.11 N (Okruszek et al., 2006) and 28.4-35.2 N (Okruszek et al., 2008) , and expressed in kg/cm 2 to range 1.1-2.5 kg/cm 2 (Ipek and Sozcu, 2017) , 2.8-3.4 kg/cm 2 (Onbasilar et al., 2011) , 3.51-3.86 kg/cm 2 (Onbasilar et al., 2007) , 3.26 kg/cm 2 (Yuan et al., 2013) and 3.94 kg/ cm 2 (Kralik et al., 2015) . In comparison to these values, Pekin duck eggs tested in this study had higher shell strength and required higher average force to egg rupture (42.64 N). The average force need to rupture Cherry Valley duck eggs tested in this study was significantly (P˂0.01) higher (50.32 N) . In comparison to Pekin duck eggs, lower forces to egg rupture are needed for Shan Ma duck eggs 28.8 N (Lin et al., 2016) , Rouen duck eggs 3.43 kg cm -2 (Kralik et al., 2015) , Brown Tsaiya duck eggs 3.4-3.9 kg/cm 2 (Cheng et al., 1995) and Longyan duck eggs 3.87-4.13 kg/cm 2 (Wang et al., 2014) . Higher forces to egg rupture are needed for Dumyati duck eggs 5.04 kg/cm 2 and for Muscovy duck eggs 5.56 kg/cm 2 (Ahmed, The specific deformation values for eggs compressed along the Z-axis were significantly higher than for those compressed along the both X-axes. The same relation was also observed by Altuntas and Sekeroglu (2008) for Lohmann chicken eggs, while Polat et al. (2007) for Japanese quail eggs found the highest deformation value along the X-front axis.
The absorbed energy was determined as a function of rupture force and deformation on the surface of egg. In this study, the highest absorbed energy was determined in loading along the X-front axis, while the least energy was determined along the Z-axis at both duck breed eggs.
The significantly higher absorbed energy was determined for Cherry Valley duck eggs in all three directions (P˂0.01).
The average values of absorbed energy for Cherry Valley duck eggs 4.43-4.67 Nmm (depending of compression direction) were higher than absorbed energy for Pekin duck eggs observed in this study and also higher than those reported for Lohmann chicken eggs 3.29-3.53
Nmm (Altuntas and Sekeroglu, 2008) and for Hisex
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The firmness values determined along the Z-axis were significantly lower than those determined along both X-axes at eggs from both duck breeds and this indicated that lower force was required to rupture eggs along the Z-axis. The firmness values for eggs compressed along X-front axis were significantly higher than along X-back axis. Significantly higher firmness was determined for Pekin duck eggs in all three directions. The egg firmness value of Pekin duck and Cherry Valley duck eggs observed in this study were higher than those reported for Lohmann chicken eggs 111.05-140.52 N/mm (Altuntas and Sekeroglu, 2008) and for Hisex Brown chicken eggs 158.59-269.90 N/mm (Nedomova et al., 2009) . 
CONCLUSIONS
